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Pyrenembrane protein solubilisation and detergent aggregation in aqueous solution is
studied for a series of n-alkyl-β-D-maltosides (CxG2 with x=10, 11, 12 being the number of carbon atoms in
the alkyl chain) using the trimeric photosystem I core complex (PSIcc) of oxygenic photosynthesis from
Thermosynechococcus elongatus as model protein. While protein solubilisation is monitored via the turbidity
of the solution, the aggregation behavior of the detergent is probed via the ﬂuorescence spectrum of the
polycyclic aromatic hydrocarbon pyrene. In addition, changes of the ﬂuorescence spectrum of PSIcc in
response to formation of the detergent belt surrounding its hydrophobic surface are investigated.
Solubilisation of PSIcc and aggregation of detergent into micelles or belts are found to be strictly correlated.
Both processes are complete at the critical solubilisation concentration (CSC) of the detergent, at which the
belts are formed. The CSC depends on the concentration of the membrane protein, [prot], and is related to the
critical micelle concentration (CMC) by the empirical law ln(CSC/CMC)= n̄0 [prot], where the constant n̄0 =
(2.0±0.3) μM−1 is independent of the alkyl chain length x. Formation of protein-free micelles below the CSC is
not observed even for x=10, where a signiﬁcant excess of detergent is present at the CSC. This ﬁnding
indicates an inﬂuence of PSIcc on micelle formation that is independent of the binding of detergent to the
hydrophobic protein surface. The role of the CSC in the optimisation of membrane protein crystallisation is
discussed.
© 2008 Elsevier B.V. All rights reserved.1. Introduction
Fundamental processes such as photosynthesis or respiration are
based on membrane-spanning multi-subunit protein complexes,
which retain their activity after isolation from the cell and thus can
be studied in vitro. A typical example is the trimeric photosystem I
core complex (PSIcc) of the cyanobacterium Thermosynechococcus
elongatus, a light-driven oxidoreductase that catalyses the reduction
of ferredoxin and the oxidation of cytochrome c6 or plastocyanin in
oxygenic photosynthesis [1,2]. Signiﬁcant progress in understanding
the function of PSIcc was made due to the elucidation of its three-
dimensional structure by X-ray crystallography [3] revealing 127
cofactors (including 96 chlorophyll a (Chla) molecules) bound to 12
different protein subunits per PSIcc-monomer. However, compared to
soluble proteins, the structural biology of membrane proteins is
complicated by the use of detergents to keep these proteins soluble in
aqueous solution [4,5]., chlorophyll a; CMC, critical
centration; CxG2, n-alkyl-β-D-
EG, polyethylene glycol; PSIcc,
m II core complex
.
ll rights reserved.Detergents are amphiphilic molecules that consist of a hydrophilic
headgroup (e.g., a sugar molecule [6]) and a hydrophobic tail (usually
an n-alkyl chain) [7–10]. In aqueous solution, they form globular
aggregates, called micelles, above a certain concentration (critical
micelle concentration, CMC) to shield their hydrophobic parts from the
aqueous phase [11]. By binding with their tails to the hydrophobic
surface of the membrane protein, detergents form a belt around the
protein [12–17] and render the whole complex water soluble.
Protein crystallisation is induced by tuning protein–protein
interactions through the addition of precipitating agents such as
salts or polymers to promote the ordered assembly of protein particles
into crystals in favour of amorphous precipitation. One measure of
these interactions is the osmotic second virial coefﬁcient [18], which
has been found to be in a certain range under crystallisation
conditions of soluble proteins, deﬁning the so-called “crystallisation
slot” [19]. Dynamic light scattering experiments revealed a correlation
between crystallisation conditions and the so-called diffusion-limited
cluster aggregation regime, which is characterised by an inter-particle
potential that exhibits a small repulsive barrier EBbkT to aggregation
[20].
In the case of membrane proteins, the inﬂuence of the detergent on
the protein–protein interactions and the concomitant crystallisation
behavior is still not well understood. The inﬂuence of precipitating
agents on the micelles under crystallisation conditions, albeit in the
Fig.1. (A) Fluorescence spectrum of pyrene in a solution containing 20mMMES (pH 6.4)
and either no detergent (solid) or C12G2 at a concentration above the CMC (dashed,
∼0.3 mM). Excitation wavelength: 335 nm. The I1/I3-ratio is the intensity of the
maximum of band 1 at ca. 370 nm versus the maximum of band 3 at ca. 380 nm.
For better comparison, the spectra are normalized to band 1. (B) Dependence of the
I1/I3-ratio on the concentration of the detergent C12G2 in either pure buffer (closed
symbols) or in the presence of 0.5 M MgSO4 (open symbols). The graphical
extrapolation procedure to determine the CMC is shown for both titration curves.
The arrow indicates the CMC shift due to the addition of electrolyte.
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scattering [21]. The data indicate that membrane protein crystal-
lisation is promoted under conditions, where the micelles have a low
number density and are small, spherical, and noninteracting. The
latter point was supported by similar studies on samples containing
bacterial reaction centres (bRCs) asmodel proteins [22] indicating that
bRC-monomers most likely serve as the crystal growth unit. However,
monodispersity seems to be no strict requirement for the crystal-
lisation of other proteins such as lysozyme (soluble) or the photo-
system II core complex (PSIIcc) [23,24], exhibiting reversible
aggregation at higher concentrations [20,25]. Another criterion
proposed for crystallisation of bRC is the size of the detergent belt
as indicated by the apparent radius of gyration Rg of the detergent-
protein complex, which should lie in a certain range, deﬁning an “Rg
slot” [26].
On the basis of the foregoing, we may ask the following questions:
What is the possible inﬂuence of the membrane protein itself on the
aggregation behavior and micelle formation of the detergent? At
which total detergent concentrations are the detergent belts and
possibly additional free (i.e., protein-free) micelles formed? What is
the inﬂuence of the free micelles on membrane protein crystal-
lisation? What is the optimal detergent-protein ratio for crystal-
lisation and its inﬂuence on the size of the detergent belt? How do the
precipitating agents affect the various particle-particle interactions
(i.e., protein–protein, belt–belt, belt–micelle etc.)?
The solubilisation of small hydrophobic molecules by detergents is
strictly correlated with micelle formation [27–32]. The same is usually
assumed to be true for the solubilisation of membrane proteins.
However, neither has this assertion, to our knowledge, been explicitly
studied by experiment, nor is it self-evident from a theoretical point of
view. The detergent belt is a distinct type of aggregate, having
different spatial extension and geometry and containing a larger
number of detergent molecules than an ordinary micelle. Since the
formation of detergent aggregates depends crucially on their
structural characteristics [33–35], it is not clear à priori that the
belts are formed at the same total concentration of detergent as the
micelles.
Experimental studies of the bRC [36–38] as well as of PSIcc and
PSIIcc [39] have shown that a minimal detergent concentration
(critical solubilisation concentration, CSC) is required to solubilise a
membrane protein. The CSC is higher than the CMC of pure detergent
solutions and depends on the protein concentration. In the limit of
small protein concentrations, [prot], this dependence is essentially
linear and can be described by the simple empirical law
CSC = CMC + n0 prot½ ; ð1Þ
where n0 is the number of detergent molecules per protein complex
that must be present in the solution in excess of the CMC to ensure
solubilisation of the protein. There are three possible mechanisms,
which, in principle, can explain such a behavior: 1. Micelles are formed
at the CMC, but n0 additional detergent molecules per protein
complex are required to form the detergent belts. 2. Micelles and
belts are formed simultaneously at the CSC. 3. Detergent belts are
formed at the CSC, but the formation of free micelles occurs at even
higher detergent concentrations.
One could argue that the binding of detergent molecules to the
hydrophobic parts of the protein surface effectively removes deter-
gent from the bulk phase and in this way shifts the micelle formation
to higher total detergent concentrations. By analogy with other
detergent-binding agents such as cyclodextrins [40–42], one could
then relate the constant n0 to the binding stoichiometry, i.e., simply
assert that n0=b, where b is the average number of detergent
molecules in the belt. This interpretation rejects the ﬁrst of the
three mechanisms outlined above and, in fact, has been used in earlier
studies [36–39]. However, the problem is more complex, since n0scales with the CMC and for detergents with a high CMC is
signiﬁcantly larger than the number of detergent molecules that are
likely to be bound to the protein. In these cases, it is not evident, which
of the three mechanisms is true, and the question arises, why so many
detergent molecules above the CMC are necessary to keep the protein
in solution.
This problem motivated us to investigate the aggregation behavior
of n-alkyl maltosides (CxG2 with alkyl chain length x) in the presence
of PSIcc as a model membrane protein by using a hydrophobic dye as
independent probe. A small hydrophobic molecule can enter the
interior of the micelles, so that the solubility of the compound in the
detergent phase is signiﬁcantly increased compared to its solubility in
pure water [7,43]. In many cases the change from the polar
environment in water to the apolar environment within the micelle
causes characteristic alterations of the spectroscopic properties of the
molecule [27–32]. A prominent example is pyrene, which exhibits a
richly structured ﬂuorescence spectrum in the UV-VIS range (Fig. 1A).
The intensities of the various vibronic bands are strongly dependent
on the polarity of the solvent environment. In particular, the ratio of
the ﬁrst and third band (I1/I3-ratio) is decreased upon transferring the
pyrene molecule from a pure water phase into micelles (Fig. 1B)
[27,29–32]. Hence, the I1/I3-ratio can be used to monitor detergent
aggregation duringmembrane protein solubilisation. Using this probe,
we shall demonstrate that PSIcc inﬂuences the micelle formation of
Fig. 2. Titration of a suspension of 0.06 μM detergent-depleted PSIcc in 20 mM MES
(pH 6.4), 50 mM MgSO4 with C12G2 in the presence of ∼0.3 μM pyrene. Shown are
the I1/I3-ratio of pyrene ﬂuorescence and the turbidity of the suspension as measured
via the extinction at 550 nm (upscaled tenfold for better comparison). The dashed
line indicates the CSC.
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hydrophobic protein surface and that the CSC rather than the CMC is
the critical concentration for detergent aggregation under these
conditions. In addition, we study the ﬂuorescence of the protein-
bound Chla cofactors, which is itself sensitive to detergent–protein
interaction [44–47] and thus serves as a direct probe for the formation
of the detergent belt. The implications of the results for membrane
protein crystallisation are discussed.
2. Materials and methods
Cells of T. elongatus were grown and PSIcc isolated and puriﬁed
as described [39,48–50]. The protein was ﬁnally obtained in 20 mM
MES (pH 6.4), 0.4 mM n-dodecyl-β-D-maltoside (C12G2), 50 mM
MgSO4. Detergents CxG2 (x=10–12) were purchased from Glycon
(Luckenwalde, Germany). All spectroscopic experiments were per-
formed with buffered solutions at room temperature. Detergent-
depletion by BioBeads-treatment and turbidimetric titrations were
done as in earlier work [39]. The pyrene stock solution for spectro-
ﬂuorometry was prepared by suspending pyrene (Sigma) in water,
followed by soniﬁcation and centrifugation. This resulted in a clear
solution that was essentially free of pyrene aggregates as judged from
the absence of excimer ﬂuorescence [30]. The pyrene concentration
used in the titration experiments was below 5·10−7 M. Protein
concentrations were determined by using the extinction coefﬁcient
of trimeric PSIcc, ɛ632=14 μM−1 cm−1, determined previously [39].
3. Results
3.1. Buffer and electrolyte effects on the CMC
Since the protein solutions in biochemical work usually contain
buffer at a speciﬁc pH, and in the case of PSIcc, addition of electrolyte
is necessary to solubilise the protein, we ﬁrst investigated the
inﬂuence of these ingredients on micelle formation. The detergents
under study were n-alkyl-β-D-maltosides (CxG2) with alkyl chain
lengths of x=10 (n-decyl), 11 (n-undecyl), and 12 (n-dodecyl). Typical
ﬂuorescence spectra of pyrene before and after micelle formation of
C12G2 are shown in Fig. 1A and the corresponding titration curves in
Fig. 1B. Upon increasing the detergent concentration step by step, the
initially high I1/I3-ratio is signiﬁcantly decreased in a certain
concentration range and remains low at higher concentrations. The
intensity of band 3 relative to that of band 1 is known to be an
indicator of solvent polarity [27,30]. Therefore, the steep decrease of
the I1/I3-ratio is interpreted as evidence for the formation of
hydrophobic compartments in the solution originating fromdetergent
aggregation into micelles. The decrease of the ﬂuorescence ratio is not
sudden, but occurs over a detergent concentration interval of about
0.1 mM for C12G2. Often we observe a slight decrease of I1/I3 below
that interval, which could indicate some detergent-pyrene interaction
at very low detergent concentrations. Above that interval, the titration
curves asymptotically approach the ﬁnal I1/I3-ratio, so that a graphical
extrapolation procedure is used to determine the CMC as indicated in
Fig. 1B. The CMC values obtained in this way typically show variations
on the order of 10–15%. Hence, several titrations (usually at least ﬁve)
are performed for each set of conditions and the results averaged.
We investigated micelle formation of C12G2 at different pH-values
between 5.0 and 9.0 using either 20mMMES or 20mM Tris. The same
CMC of (0.19±0.02) mM was found in all cases. This value is in good
agreement with literature data for pure aqueous solutions [28,29].
Therefore, we consider the CMC of this class of detergents as
insensitive to the buffer conditions used in our experiments.
In contrast, a pronounced decrease of the CMC of C12G2 is caused
by the addition of MgSO4, a common electrolyte used in the
biochemical preparation of PSIcc. The CMC is decreased signiﬁcantly
from 0.19 to 0.11 mM upon increasing the MgSO4-concentration to0.5 M (Fig. 1B). Note that the detergent concentration interval, in
which the major changes of the I1/I3-ratio occur, is narrower at higher
ionic strength.
The CMC is known to depend exponentially on the alkyl chain
length x for the same detergent headgroup. We observed values of
1.8 mM (x=10), 0.49 mM (x=11), and 0.19 mM (x=12) for the alkyl
maltosides resulting in the relationship
ln CMC0=mMð Þ = 12 − 1:14x; ð2Þ
where CMC0 is the CMC at zero ionic strength (buffered solutions). In
all cases studied, the addition of MgSO4 causes a decrease of the CMC
amounting to ∼50% at 0.5 M MgSO4. The electrolyte effect can be
described by the empirical relationship
ln CMC=CMC0ð Þ = −1:14 MgSO4½ =M: ð3Þ
3.2. Correlation of PSIcc solubilisation with I1/I3-ratio
A typical resolubilisation experiment, inwhich detergent (C12G2) is
added stepwise to a suspension of detergent-depleted PSIcc in the
presence of small amounts of pyrene, is shown in Fig. 2. In each step,
we monitored both the turbidity of the suspension/solution via the
extinction at 550 nm, E550, and the I1/I3-ratio of pyrene. The
dependence of E550 on the concentration of added detergent exhibits
the same behavior as observed earlier for bRC [36–38] as well as PSIcc
and PSIIcc [39]. The high extinction at low detergent concentrations is
caused by protein aggregates, while the steep decrease of E550 close to
the CSC indicates the detergent-induced dissociation of these
aggregates. The CSC is determined by a graphical extrapolation
procedure as demonstrated in Fig. 2.
Similar to the case of protein-free solutions, the I1/I3-ratio in the
presence of PSIcc is initially high and then decreases within a
certain interval of detergent concentrations. We found no signiﬁcant
inﬂuence of PSIcc on the emission spectra of pyrene, apart from a
decreased signal-to-noise ratio at lower detergent concentrations.
The latter apparently originates from the scattering of emitted light
by the protein aggregates and correspondingly depends on the
protein concentration. This effect limits the PSIcc concentrations, at
which the I1/I3-ratio can be determined faithfully, to a maximum of
about 0.25 μM.
The decrease of the I1/I3-ratio is clearly correlated with the
decrease of E550. The graphical extrapolation procedure can be applied
to both curves and yields the same value for the CSC within the error
Fig. 3. (A) Dependence of the CSC of C10G2 (○), C11G2 (▼), C12G2 (●) on the concentration
of PSIcc in 20 mM MES (pH 6.4), 50 mM MgSO4. (B) Same as in A, but with the CSC at a
given PSIcc concentration rescaled by division through the CMC at zero PSIcc
concentration. The solid line follows from linear regression (Eq. (4)) involving all data
points and has slope (2.4±0.3) μM−1 and intercept 1. The dashed lines indicate the 95%
prediction interval of CSC/CMC as a function of protein concentration. (C) Same as in B,
but with the ordinate representing ln(CSC/CMC). The solid line follows from linear
regression (Eq.(5)) involving all data points and has slope (2.0±0.3) μM−1. The dashed
lines indicate the 95% prediction interval of ln(CSC/CMC) as a function of protein
concentration.
Table 1
Parameters describing detergent aggregation in the absence and presence of PSIcc
Detergenta C10G2 C11G2 C12G2
CMC/mM (exp.)b 1.8±0.1 0.49±0.05 0.180±0.004
n0
b,c 3100±800 950±40 590±60
n0d CMC (linear)c,d 4300±800 1180±270 430±70
(logarithmic)c,e 3600±800 980±250 360±70
r/nmf 2.40 2.55 2.70
Vmol/(nm3)g 0.637 0.664 0.691
b (area)h 900–1100 970–1200 1040–1250
(volume)i 980 1070 1160
mj 81 105 125
Δμmic/kTk −16.8 −18.3 −19.8
CMC/mM (calc.)l 2.78 0.63 0.15
a 20 mM MES (pH 6.4), 50 mM MgSO4.
b From ﬁt to Eq. (1). The given errors are the standard deviations obtained from linear
regression.
c Concentration of PSIcc-trimer given in mM.
d From ﬁt to Eq. (4). Error calculated from the errors of n̄0 and CMC.
e From ﬁt to Eq. (5). Error calculated from the errors of n̄0 and CMC.
f Extended length of the detergent molecule.
g Calculated from Vmol(C12G2)− (12−x) V(CH2) with Vmol(C12G2)=0.691 nm3 [63] and
V(CH2)=0.0269 nm3 [35].
h Estimated number of detergent molecules in the belt from b≈AHT/AM, AM=0.5–
0.6 nm2, AHT from Eq. (6), and R=10 nm inferred from the crystal structure [3].
i Estimated number of detergent molecules in the belt from b≈VHT/Vmol, VHT
from Eq. (7), and R=10 nm inferred from the crystal structure [3].
j Aggregation number of free micelles, from Ref. [65].
k From Eq. (10).
l From Eq. (11).
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Interestingly, the major changes of both observables, I1/I3 and E550,
occur in the same detergent concentration interval. Membrane
protein solubilisation is, therefore, associated with the formation of
hydrophobic compartments in the solution as expected. However,protein solubilisation and detergent aggregation are both not
complete at the CMC, but at the higher CSC.
The analysis of the I1/I3-ratio reveals an essentially linear
dependence of the CSC on the PSIcc concentration (Fig. 3A) in
accordance with Eq. (1) and in line with the turbidimetric experi-
ments. There is a pronounced dependence of the slope n0 on the alkyl
chain length x (Table 1) as observed earlier for other types of
detergents [36–38]. This dependence is exponential and resembles
that of the CMC so that for all detergents studied
CSC=CMC = 1 + n0 prot½  ð4Þ
with n̄0 = n0/CMC = (2.4 ± 0.3) μM−1. The number of detergent
molecules, that have to be present in the solution in excess of the CMC
to ensure protein solubilisation, can be estimated from n0 = n0̄· CMC as
shown in Table 1. The values differ from those obtained from a ﬁt to Eq.
(1), but are on the same order of magnitude. The two different ways of
analysing the data give an impression of the uncertainty of the n0
values.
We note that Eq. (4) can be regarded as a linear approximation
(valid for CSC/CMC≤2) of the logarithmic form
ln CSC=CMCð Þ = n0 prot½ ; ð5Þ
which is similar to Eq. (3) describing the electrolyte effect. A ﬁt of
the experimental data to Eq.(5) yields n̄0 = (2.0 ± 0.3) μM−1 (Fig. 3C,
Table 1).
3.3. Detergent effects on PSIcc ﬂuorescence
After detergent depletionbyBioBeads-treatment and suspension in
buffer, PSIcc shows a characteristic emission spectrum in the Chla QY
region around 700 nmwhen excited at 435 nm (Fig. 4A). The spectrum
exhibits amain emissionmaximumat about 710 nmand a side band to
higher energies at about 680 nm. This particular spectrum is expected
to represent the native form of PSIcc that would be observed for PSIcc
embedded in the photosynthetic membrane [44,45]. Addition of
detergent causes signiﬁcant alterations of the spectrum. The emission
around 680 nm increases with increasing detergent concentration,
Fig. 4. (A) Fluorescence spectrum of detergent-depleted PSIcc before (solid) and after
(dotted) addition of C12G2 at a concentration of 1.2 CSC. Excitation wavelength: 435 nm.
The maxima of the emission peaks referred to as F680 and F710 are shifted from 687 and
711 nm to 676 and 707 nm, respectively. The dashed spectrum is obtained after dilution
of the sample with detergent-free buffer to shift the detergent concentration below the
CSC (upscaled for better comparison). (B) Titration of a suspension of 0.14 μMdetergent-
depleted PSIcc in 20 mM MES (pH 6.4), 50 mM MgSO4 with C12G2 in the presence of
∼0.3 μM pyrene. Shown are the I1/I3-ratio of pyrene ﬂuorescence (closed symbols) and
the F680/F710 ratio of PSIcc (open symbols). The ﬂuorescence ratios are rescaled for
better comparison. The dashed line indicates the CSC. (C) Dependence of the F680/F710
ratio of PSIcc on the concentration of C10G2 (○), C11G2 (▾), C12G2 (●) rescaled by
division through the CSC. The dashed line indicates [CxG2]=CSC.
2302 F. Müh, A. Zouni / Biochimica et Biophysica Acta 1778 (2008) 2298–2307while the emission around 710 nm remains almost unchanged. This
result is in agreement with earlier observations made on different
types of PSIcc preparations [44–47]. The effect is partially reversible,
i.e., dilution of the sample with detergent-free buffer to shift thedetergent concentration below the CSC causes a decrease of the
680 nm band relative to the 710 nm band (Fig. 4A).
In the following we shall denote the intensity of the emission
maximum around 680 nm with F680 and that around 710 nm with
F710. Fig. 4B shows the explicit dependence of the F680/F710 ratio of
PSIcc on the concentration of C12G2 together with the I1/I3-ratio of
pyrene measured on the same sample. There is an obvious correlation
between the two quantities. The F680/F710 ratio increases only slightly
at low detergent concentrations followed by a steep increase that
coincides with the steepest decrease of the I1/I3-ratio. Above the CSC,
F680/F710 is not a constant, but approaches asymptotically an
essentially linear dependence on the detergent concentration. These
results show that in the particular case of PSIcc the protein-bound
Chla can be used as indicator to determine the CSC. The changes of the
ﬂuorescence spectrum of PSIcc are correlated with the formation of
detergent aggregates and the solubilisation of the membrane protein,
i.e., are caused by the formation of the detergent belt. Accordingly, the
qualitative dependence of F680/F710 on the detergent concentration is
the same for all detergents studied. A quantitative coincidence of the
various titration curves can be achieved, if the detergent concentra-
tion is rescaled by division through the CSC as demonstrated in Fig. 4C.
4. Discussion
4.1. What is the meaning of the changed ﬂuorescence ratios?
In the present work, we have shown that the solubilisation of
membrane proteins by detergents, i.e., the dissociation of protein
aggregates, is correlated with the formation of hydrophobic compart-
ments in the solution. Albeit not surprising, this result is not self-
evident, because it was not known à priori, how the protein inﬂuences
the detergent. By using the I1/I3-ratio of pyrene, we could demonstrate
that the CSC is indeed the critical concentration for the formation of
detergent aggregates in the presence of the membrane protein.
The I1/I3-ratio senses the polarity of the environment, but not the
geometric characteristics of the hydrophobic compartments. There-
fore, the method cannot distinguish between detergent belts and free
micelles. Since the I1/I3-ratio is high in the presence of the membrane
protein before addition of detergent, there are no indications for a
preferential binding of pyrene to hydrophobic parts of the protein
surface. Furthermore, the residence time of pyrene in a micelle is
typically below 1 ms [8,9] so that it can be expected to rapidly
exchange between micelles and belts. A low I1/I3-ratio thus indicates
the presence of either belts or micelles or both, whereas a high I1/I3-
ratio implies the absence of both types of aggregates. This means, in
particular, that free micelles are not formed below the CSC, i.e., the
ﬁrst of the three mechanisms outlined in the Introduction can be
dismissed.
The change of the F680/F710 ratio of PSIcc due to addition of
detergent is a well-known effect [44–47]. We have demonstrated that
it is correlated with both the formation of detergent aggregates and
protein solubilisation. This result allows to strictly identify the CSC
with the critical concentration for the formation of the detergent belt.
It remains open, however, whether free micelles are formed
simultaneously or at higher detergent concentrations. A distinction
between the second and third mechanism (cf. Introduction) requires
other methods that allow to determine the sizes of the various
detergent aggregates (e.g., small-angle neutron scattering [22,26] or
ﬂuorescence correlation spectroscopy [51]).
The molecular mechanism of the changed F680/F710 ratio as well as
its further increase above the CSC is not yet understood. The 680 nm
ﬂuorescence of PSIcc is frequently interpreted in terms of “uncoupled”
Chla, i.e., Chla that lost their ability to transfer excitation energy to
those Chla emitting at 710 nm. This uncoupling could be due to either
extraction of Chla from the protein scaffold of PSIcc or a conforma-
tional change of the core antenna system. Althoughwe cannot exclude
Fig. 5. Simple geometric model of the detergent belt surrounding PSIcc in aqueous
solution. (A) Dimensions of PSIcc as inferred from the crystal structure [3] with
R=10 nm. The radius r is the extended length of a detergent molecule (2.4–2.7 nm,
Table 1). One PSIcc-monomer is shown as backbone cartoon in green. (B) Outer surface
of the half-torus used as model for the detergent belt. The area of this surface is given
by Eq. (6) and the volume of the half-torus by Eq. (7). Calculation of surface and
volume and creation of the ﬁgure were performed by using Mathematica [61].
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ﬂuorescence, we think that extraction of Chla is unlikely for two
reasons. First, alkyl maltosides are mild detergents in contrast to, e.g.,
Triton X-100 [52] or sulfobetaines [48]. The former are known to
retain the high Chla/RC ratio of PSIcc and, therefore, are used for
protein isolation and puriﬁcation [48,49]. We can assume that those
Chla seen in the crystal structure are tightly enough bound to the
protein so that even extensive washing with C12G2 on an anion
exchange column does not remove them. The same arguments hold
for small Chla-binding protein subunits of PSIcc that might be lost
upon detergent treatment. Second, the effect is reversible. The
residual F680 ﬂuorescence observed after dilution of the sample
below the CSC (Fig. 4A) can be traced back to incomplete detergent
removal from the protein surface and is decreased by further dilution
or BioBeads-treatment. We thus prefer the second explanation, a
conformational change of the core antenna of PSIcc. A reversible
detergent-induced conformational switch has been observed earlier
in the case of bRC [38,53–59].
4.2. Is the slope n0 really the number b of detergent molecules bound to
the protein?
The effect of the membrane protein on detergent aggregation is
characterised by the constant n0 in Eq. (1). It corresponds to the
number of detergent molecules per protein complex that must be
present in the solution in excess of the CMC to ensure formation of
the detergent belt. The interpretation of this quantity as the
number of detergent molecules b in the belt is, however,
questionable in view of its dependence on the alkyl chain length
x of the detergent: The approximate shape of the detergent belt
as indicated by X-ray crystallography [12,13,15,16] and molecular
dynamics simulations [17] allows to estimate b on the basis of a
simple geometric model. The membrane-spanning part of the PSIcc-
trimer has an approximately cylindrical shape [3], so that we can
regard the detergent belt as a half-torus as sketched in Fig. 5. This
idealized geometry of the detergent belt is a simpliﬁcation
inasmuch a sphere or ellipsoid is an idealization of the real shape
of a free micelle [11,17,60]. In such a model, the detergent
headgroups (maltose moieties) are assumed to cover the outer
surface of the half-torus (Fig. 5B), the area AHT of which can be
calculated from the major radius R of the cylinder occupied by the
membrane protein and the minor radius r representing half of the
thickness of the membrane [61]:
AHT = 2π2rR + 4πr2: ð6Þ
Note that the surface of the outer half of the torus is larger than half
the surface of the full torus (2π2rR) by an amount corresponding to the
surface of a sphere with minor radius r. The headgroup area AM of the
alkyl maltosides (representing the required space of the headgroup
rather than its molecular size) is 0.5–0.6 nm2 [60,62–64], while the
crystal structure of PSIcc [3] suggests that R=10 nm. For the minor
radius r we use the extended length of the detergent molecule as
suggested by the work of Roth et al. [12,13]. The obtained values are in
reasonable agreement with n0 for C11G2 only, whereas bbn0 for C10G2
and bNn0 for C12G2 (Table 1).
A more precise estimate of bmay be obtained from the ratio of the
volume of the half-torus
VHT = π2r2R + 4πr3=3; ð7Þ
given by half the volume of the full torus (π2r2R) plus the volume of a
sphere with minor radius r, and the molecular volume of the
detergent
Vmol = VM + x−1ð ÞV CH2ð Þ + V CH3ð Þ; ð8Þwhere VM, V(CH2) and V(CH3) are the volumes of the maltose
headgroup, the methylene unit and the methyl group, respectively.
The numbers calculated in this way agree well with the estimates
based on the area ratios (Table 1).
The simple geometric model predicts a slight increase of b with
increasing x. This prediction is in line with experimental observations
based onmeasurements of the apparent radius of gyration Rg or Stokes
radius of detergent–protein complexes. Bamber et al. recently studied
a mitochondrial ADP/ATP carrier solubilised with n-alkyl maltosides
[65]. The numbers b=105 for C10G2, 130 for C11G2, and 156 for C12G2
Scheme 1.
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free micelles, being 81, 105, and 125, respectively. A comparison of the
latter data with the estimated values of b suggests that in the case of
PSIcc, b ≈ 10m (Table 1). Marone et al. investigated the bRC solubilised
with n-alkyl glucosides and found a similar increase of Rg with x [26]. A
preliminary study of PSIIcc using dynamical light scattering indicates
that the effective radius of the detergent–PSIIcc complex is approxi-
mately the same in C10G2 and C12G2, i.e., at least not larger for x=10
than for x=12 (Zouni, A., unpublished data). These results are hard to
reconcile with an exponential increase of bwith decreasing x. We thus
conclude that, in general, n0 ≠ b.
4.3. What are the implications for micelle formation?
To address the question of micelle formation in the presence of
PSIcc, we shall consider a simple mass-action model as depicted in
Scheme 1.
Here, D stands for a detergent monomer and P for a single protein
complex (i.e., trimeric PSIcc). The numbers a, b, and m are the
aggregation number of unsolubilised protein, detergent molecules in
the belt and aggregation number of free micelles, respectively. Thus,
Dm is a micelle and PDb a solubilised protein complex. In the spirit of
the mass-action (or closed association) model [8–10], polydispersity
of aggregates is neglected so that a, b, and m represent the most
probable aggregate sizes.
The equilibrium constant Kmic for micelle formation is related to
the free energy change per detergent molecule Δμ0mic for the transfer
of the monomer D into the micelle by
Kmic =
Xmic
Xm1
= exp −
mΔμ0mic
kT
" #
; ð9Þ
where Xmic and X1 are the mole fractions of micelles and monomers,
respectively, and k is Boltzmann's constant. The quantity Δμ0mic can be
obtained from amolecular thermodynamic approach [34,35], where it
is decomposed into several terms. Themost important terms are thoseFig. 6. Thermodynamic cycle relating the free energy change of membrane protein solubi
detergent belt assembly ΔG0belt.due to the hydrophobic effect [66–70] and the headgroup repulsion
[35]. The former effect determines the free energy change of
transferring the alkyl chain from water into a liquid hydrocarbon
state representing the inner core of themicelle. The latter ismainly due
to steric interaction between the headgroup moieties in the case of
nonionic detergents, which is difﬁcult to calculate accurately. We,
therefore, consider here only the transfer term, which is responsible
for the exponential dependence of the CMC on x. Using solubility data
for hydrocarbon gases inwater and considering the different behavior
of methylene and methyl groups, one arrives at the following result
[35]:
Δμ0mic=kT = −3:5−1:48 x−1ð Þ ð10Þ
with kT = 25.7 meV at room temperature (T=298 K). As shown in Table
1, the order of magnitude of the CMC can be estimated well by
lnXCMC =Δμ0mic=kT; ð11Þ
where XCMC≈X1 = mXmic at the CMC is assumed and CMC = XCMC ·
55.51mol L− 1. The deviations of the calculated from themeasured CMC
values reﬂect the neglect of headgroup repulsion and other terms, the
computation of which is beyond the scope of the present work.
The equilibrium constant Kbelt for the formation of a detergent belt
in the presence of a protein aggregate Pa is given by
Kbelt =
Xabelt
Xab1 XP
= exp −
ΔG0sol
kT
" #
; ð12Þ
where Xbelt and XP are the mole fractions of belts (i.e., solubilised
protein complexes) and protein aggregates, respectively. The free
energy of solubilisation ΔG0sol can be decomposed according to the
thermodynamic cycle depicted schematically for a = 2 in Fig. 6:
ΔG0sol =ΔG
0
diss +ΔG
0
belt ð13Þ
into the sum of the free energy for aggregate dissociation ΔG0diss and
the free energy for assembly of the detergent belt from detergent
monomers ΔG0belt. These two components in turn can be written
ΔG0diss = −aΔμ
0
ass ð14Þ
and
ΔG0belt = abηΔμ
0
int + ab 1−ηð ÞΔμ0belt: ð15Þlisation ΔG0sol to the free energy changes of protein aggregate dissociation ΔG
0
diss and
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aggregate per single protein complex andΔμ0belt is correspondingly the
free energy for formation of the detergent belt per detergent
monomer comprising only contributions from detergent–detergent
interactions. All detergent–protein interactions are contained in Δμ0int,
and η is the fraction of detergent molecules in the belt that are in
direct contact with the protein. It is reasonable to assume that Δμ0int
andΔμ0belt depend linearly on x as doesΔμ
0
mic and that this dependence
dominates ΔG0sol. In this way, we can understand, why the CSC lies in a
similar range of absolute detergent concentration as does the CMC, a
range that varies by an order of magnitude for the detergents studied.
To understand the apparent dependence of detergent aggregation
on the protein concentration, we shall assess the concentration c of
detergent not bound to the protein at the CSC. If we assume for
simplicity that b≈103 for all detergents studied and that the protein is
completely solubilised at the CSC, we have c=CSC − b [prot], which at
0.25 μM PSIcc is 2.7, 0.56, and 0.05 mM for C10G2, C11G2, and C12G2,
respectively. Thus, we have cNCMC for x=10, c≈CMC for x=11, and
cbCMC for x=12. The ﬂuorescence data indicate that detergent
aggregation is not complete at the CMCbCSC in the presence of
protein. Hence, the case cNCMC clearly demonstrates an inﬂuence of
the protein on micelle formation. Note that for x=10, there is a
signiﬁcant excess of “free” detergent with respect to protein-bound
detergent present at the CSC. If the CMCwould not be upshifted by the
protein, detergent aggregation should be almost complete at 1.8 mM
C10G2, which is not observed. We conclude that Kmic in the presence of
protein is smaller than Kmic in the absence of protein. Since Kmic does
not depend on the direct binding of detergent to the hydrophobic
protein surface, this effect requires to postulate an inﬂuence of the
membrane protein on the activity coefﬁcients of detergent monomers
(γ1) and/or micelles (γmic):
ΔGNImic =mΔμ
0
mic + kT ln
γmic
γm1
 
; ð16Þ
where ΔGNImic is the nonideal free energy change of micelle formation.
The effect of electrolyte can be understood in a similar way, but
whereas γmicbγ
m
1 for the electrolyte, γmicNγ
m
1 for the membrane
protein. A qualitatively similar effect on micelle formation to be
interpreted by γmicNγ
m
1 is observed for hydrophilic polymers such as
polyethylene glycol (PEG) [21,29], which is expected to bind
essentially no detergent at its surface. Indeed, we also found an
increase of the CMC of C12G2 due to addition of PEG (Müh, F., and
Zouni, A., unpublished data). However, the mechanism of this CMC
upshift remains elusive.
4.4. What are the implications for membrane protein crystallisation?
Precipitating agents such as salts or polymers used in crystal-
lisation experiments inﬂuence the solubility of detergents and thus
shift the CMC. If we assume that the formation of the detergent belt is
dominated by ΔG0belt in Eq. (15) and this quantity is affected by the
precipitating agent similarly to ΔGNImic as suggested above, we can
expect the CSC to be shifted in the same direction as the CMC.
Therefore, the concentration gradient of the precipitating agent in a
typical crystallisation setup, e.g., the decreasing MgSO4 concentration
in the case of PSIcc [3,49] or the increasing PEG concentration in the
case of PSIIcc [71–73], will not only change the protein-protein
interactions, but also bring the system closer to the CSC without
changing the overall detergent/protein ratio in the sample. Informa-
tion about the dependence of n ̄0 on the concentration of the
precipitating agent could therefore be important to optimise the
crystallisation conditions.
By a similar analogy between micelles and belts we can expect the
belts to slightly grow above the CSC as do the micelles above the CMC
[74,75]. If this is true, the effective radius Rg of the detergent-proteincomplex will be minimal in a region right above the CSC. Thus, there
should exist a “CSC slot” related to the “Rg slot” proposed byMarone et
al. [26]. It is intriguing to speculate whether in the case of membrane
proteins the main effect of the precipitating agent is to reduce Rg until
the detergent–protein complex reaches a critical radius suitable for
arrangement into the crystal lattice. This would be worth a further
investigation.
The inﬂuence of free micelles on the crystallisation process
depends on their interaction with the hydrophilic surfaces of the
protein and detergent belts, which in turn is affected by the
precipitating agent. It is probably difﬁcult to ﬁnd conditions, where
protein–protein contacts are favoured, but not micelle–protein and
micelle–micelle contacts. Since the latter contacts disturb the crystal-
lisation, the number density of free micelles should be minimised.
Even though we are not able to determine the concentration of free
micelles in our experiments, we can reasonably assume that the
micelle concentration will increase with increasing detergent con-
centration above the CSC. Hence, the “CSC slot” implies not only a
minimised Rg, but also a minimal disturbance by free micelles. The
ratio c/m, where c is the concentration of detergent not bound to the
protein at the CSC (see Section 4.3) and m is the aggregation number,
may serve to estimate an upper bound for themicelle concentration in
the CSC slot. The fact that c is small for large x suggests that the
problem of free micelles may be circumvented by the use of
detergents with longer alkyl chains.
5. Conclusions
We have shown that not only detergents determine the solubility
of membrane proteins and their properties in aqueous solution, but
that vice versa the membrane protein affects the aggregation behavior
of the detergent. The latter effect not only depends on the binding of
detergent to the hydrophobic protein surface, but is probably due to a
more general inﬂuence of the protein on the free energy of detergent
assembly. The critical concentration for both protein solubilisation
and detergent aggregation is the CSC, which depends on the protein
concentration and can be measured by steady-state ﬂuorescence
techniques analogous to the CMC. The dependence of the CSC on the
protein concentration is characterised by the constant n0 (or n̄0), but
n0 should not be interpreted as the number of detergent molecules
bound to the hydrophobic protein surface. Knowledge about the
dependence of this constant on the concentration of precipitating
agents might be useful to optimise membrane protein crystallisation,
e.g., PSIIcc.
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